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ABSTRACT
This paper reports the first measurements of solid-phase vacuum-ultraviolet (VUV) absorption
cross sections of heavy isotopologues present in icy dust grain mantles of dense interstellar
clouds and cold circumstellar environments. Pure ices composed of D2O, CD3OD, 13CO2,
and 15N15N were deposited at 8 K, a value similar to the coldest dust temperatures in space.
The column density of the ice samples was measured in situ by infrared spectroscopy in
transmittance. VUV spectra of the ice samples were collected in the 120-160 nm (10.33-7.74
eV) range using a commercial microwave discharged hydrogen flow lamp as the VUV source.
Prior to this work, we have recently submitted a similar study of the light isotopologues (Cruz-
Diaz et al. 2013a; Cruz-Diaz et al. 2013b). The VUV spectra are compared to those of the light
isotopologues in the solid phase, and to the gas phase spectra of the same molecules. Our study
is expected to improve very significantly the models that estimate the VUV absorption of ice
mantles in space, which have often used the available gas phase data as an approximation of
the absorption cross sections of the molecular ice components. We will show that this work
has also important implications for the estimation of the photodesorption rates per absorbed
photon in the ice.
Key words: interstellar ice analogs – VUV-absorption cross section.
1 INTRODUCTION
After molecular hydrogen (H2), the molecules H2O, CO, CO2, and
CH3OH, are among the most abundant in the interstellar medium,
as it has been inferred from observations of the gas and solid phase
(Mumma & Charnley 2011, and references therein). The main el-
ements, and their corresponding isotopes, which compose most
volatile molecules in the interstellar medium, are H:D, 12C:13C,
14N:15N, and 16O:17O:18O.
Deuterium enrichment can be the result of low temperature
gas-grain reactions because of the differences in zero-point ener-
gies between deuterated and non-deuterated species (Wilson et al.
1973). Observation toward prestellar cores indicates, in gas phase,
that abundances of singly deuterated molecules are typically higher
than the cosmic atomic D/H ratio of 1.5 × 10−5(Linsky 2003), also,
doubly and triply deuterated molecules have been observed with
D/H ratios reaching ∼ 30 % for D2CO and ∼ 3 % for CD3OH (see,
Ceccarelli et al. 1998; Loinard et al. 2002; Parise et al. 2004; Rata-
jczak et al. 2009). Deuterated methanol molecules were detected in
the gas phase toward low-mass class 0 protostars with abundances
up to about 60 % relative to CH3OH (Parise et al. 2006). D2O has
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been detected toward the solar-type protostar IRAS 16293-2422
(Butner et al. 2007; Vastel et al. 2010). Roberts (2003) showed that
the multiply deuterated isotopologues of H3+ can efficiently trans-
fer deuterons to other neutral molecules in very cold (6 20 K) gas
depleted of its CO (because the CO molecules are frozen onto re-
fractory dust grain mantles).
Isotopic substitution often alters the chemical and physical
properties of atoms and molecules, resulting in differences in ab-
sorption spectra and reaction rates. Therefore, measurements of the
isotopic compositions of various species can be used to interpret
the physico-chemical histories and the chemical reaction pathways
in these environments. In particular, isotope effects in the non-
dissociative photoionization region of molecular nitrogen play an
important role in isotopic fractionation in planetary atmospheres
and other environments (e.g., interstellar molecular clouds, the so-
lar nebula, and in the atmospheres of Earth, Mars, and Titan) in
which N2 and VUV radiation are present (see, Croteau et al. 2011,
and references therein).
Carbon dioxide is an important constituent of quiescent and
star forming molecular clouds (Gerakines et al. 1999, and ref-
erences therein). It is primarily present in the solid state (van
Dishoeck et al. 1996). The 13CO2 isotope has been detected with
a two orders of magnitude lower abundance with respect to CO2
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(d’Hendecourt et al. 1996). The stretching band of 13CO2 is an inde-
pendent and sensitive probe of the ice mantle composition (Boogert
et al. 2000, and references therein). Studies in the gas phase have
shown that the 12C/13C ratio increases with Galacto-centric radius
(Wilson & Rood 1994; Keene et al. 1998). In the solid phase, the
behavior of this ratio agrees with the gas phase studies (Boogert et
al. 2000). Also, determination of this ratio is an important input for
evolutionary models of the Galaxy, since 12C is produced by He-
lium burning by massive stars, which can be converted to 13C in
the CNO cycle of low- and intermediate-mass stars at later times
(Boogert et al. 2000).
The average cross section for a certain spectral range are use-
ful when there is no information (flux, photodesorption rate) for
each specific wavelength within that range. An example are the
photodesorption rate values reported in the literature (e.g., ¨Oberg et
al. 2007, 2009; Mun˜oz Caro et al. 2010), which correspond to the
full continuum emission spectrum of the hydrogen VUV lamps (an
analog of the secondary UV emission in dense clouds). To estimate
the photodesorption rate per absorbed photon in that case, what is
used is the average photon energy and the average VUV absorption
cross section in the same range. In addition, these average VUV ab-
sorption cross sections allow comparison with previous works that
estimated those average values in similar spectral ranges in an in-
direct way (i.e., with no use of VUV spectroscopy), see e.g, Cottin
et al. (2003).
Heavy isotopologues, in the context of laboratory astro-
physics, are often used to study ice photoprocessing and, in par-
ticular ice photodesorption experimentally, to avoid problems with
contamination (e.g., 13CO, 15N2; see Oberg et al. 2007, 2009; Fay-
olle et al. 2013). In addition, it is interesting to search for differ-
ences in the absorption of these ices compared to those made of
light isotopologues.
The estimation of the VUV-absorption cross sections of
molecular ice components allows to calculate the photon absorp-
tion of icy grains in that range. In addition, the VUV-absorption
spectrum as a function of photon wavelength is required to study
the photo-desorption processes over the full photon emission en-
ergy range.
It is therefore important to study the physical and chemical
properties of molecules containing heavy isotopes. This study fo-
cusses on the isotopic effects observed in the vacuum-ultraviolet
(VUV) absorption spectra of three of the most abundant inter- and
circumstellar species in the solid phase: H2O, CH3OH, and CO2.
Among the possible isotopologues, the fully deuterated ones were
selected, D2O and CD3OD, in addition to 13CO2. Also 15N15N,
henceforth abbreviated as 15N2, was included in our study to ex-
plore the isotopic effects in a homonuclear diatomic molecule that
was also observed in space (Bergin et al. 2002; Belloche & Andre´
2003). Two recent papers report the VUV absorption cross sec-
tions of the light isotopologues in the ice (Cruz-Diaz et al. 2013a,
2013b), henceforth referred to as Papers I and II, respectively). The
data in Paper I and II were used for comparison to this work. In
addition, the VUV absorption spectra of the same molecules in the
gas phase were also adapted to illustrate the differences between
the gas and the solid phase samples.
2 EXPERIMENTAL PROTOCOL
The measurements were conducted using the Interstellar Astro-
chemistry Chamber (ISAC). This set-up and the standard exper-
imental protocol were described in detail in Mun˜oz Caro et al.
(2010). ISAC mainly consists of an ultra-high-vacuum (UHV)
chamber, with pressure typically in the range P = 3-4.0 × 10−11
mbar at room temperature, where an ice layer is made by deposi-
tion of a gas species onto a cold finger at 8 K. The low temperature
is achieved by means of a closed-cycle helium cryostat. The ice
sample can be either UV-irradiated or warmed up to room temper-
ature. The evolution of the solid sample was monitored with in situ
Fourier transform infrared (FTIR) spectroscopy in transmittance
and VUV spectroscopy. The chemical compounds used for the ex-
periments described in this paper were: D2O(liquid), Cambridge
Isotope Laboratories, Inc (C.I.L.) 99.9%; CD3OD(liquid), C.I.L.
99.8%; 13CO2(gas), C.I.L. 99.0%; and 15N2(gas), C.I.L. 98.0%.
The deposited ice layer was VUV irradiated using a mi-
crowave discharged hydrogen flow lamp (MDHL), from Opthos
Instruments. The source has a UV-flux of ≈ 2 × 1014 cm−2 s−1
at the sample position, measured by CO2 → CO actinometry, see
Mun˜oz Caro et al. (2010). The Evenson cavity of the MDHL is re-
frigerated with air. The VUV spectrum was measured routinely in
situ during the experiments with the use of a McPherson 0.2 meter
focal length VUV monochromator (Model 234/302) with a photo-
multiplier tube (PMT) detector equipped with a sodium salicylate
window, optimized to operate from 100-500 nm (11.27-2.47 eV),
with a spectral resolution of 0.4 nm. The characterization of the
MDHL spectrum was previously reported (Chen et al. 2010; Paper
I) and was discussed in more detail by Chen et al. (2013).
3 VUV SPECTROSCOPY
VUV absorption cross sections were obtained for pure ices com-
posed of D2O, CD3OD, 13CO2, and 15N2. These measurements
were performed following the procedure described in Paper I and
summarized below. The column density of the deposited ice was
calculated using FTIR spectroscopy in transmittance, according to
the formula
N =
1
A
∫
band
τνdν (1)
where N is the column density of the ice, τν the optical depth
of the band, dν the wavenumber differential in cm−1, and A is the
band strength in cm molecule−1. The VUV absorption cross section
was estimated according to the Beer-Lambert law
It(λ) = I0(λ)e−σ(λ)N (2)
where It(λ) is the transmitted intensity for a given wavelength
λ, I0(λ) the incident intensity, N is the column density in cm−2 ob-
tained using eq. 1, and σ is the VUV absorption cross section in
cm2.
For each ice spectrum a series of three measurements was per-
formed: i) the emission spectrum of the VUV-lamp was measured,
to monitor the intensity of the main emission bands, ii) the emission
spectrum transmitted by the MgF2 substrate window was measured,
to monitor its transmittance, and iii) the emission spectrum trans-
mitted by the substrate window with the deposited ice on top was
measured. The absorption spectrum of the ice corresponds to the
spectrum of the substrate with the ice after subtraction of the bare
MgF2 substrate spectrum.
A priori, the VUV absorption cross section of the ice was not
known. Therefore, several measurements for different values of the
initial ice column density were performed to improve the spec-
troscopy. Table 1 provides the infrared band positions and band
strengths of D2O, CD3OD, and 13CO2 used to estimate the column
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Table 1. Infrared band positions, infrared band strengths (A), column den-
sity (N) in ML (as in previous works, one ML is here defined as 1015
molecules cm−2), and refractive index (nH ) of the samples used in this work.
Pure 15N2 ice does not display any features in the mid-infrared.
Species Position A N ρ
[cm−1] [cm molec−1] [ML] gr cm−3
D2O 2413 1.0 ± 0.2 ×10−16 a 266 ± 10 1.05
CD3OD 973 7.0 ± 0.3 ×10−18 b 65 ± 8 1.14
13CO2 2276 7.8 ± 0.1 ×10−17 c 321 ± 12 –
15N2 – – 4009 ± 410 0.94
a,b Calculated by the us, see Section 3, c Gerakines et al. (1995)
density. Solid 15N2 does not display absorption features in the mid-
infrared, therefore the column density of 15N2 was thus measured
using the expression
N =
ρN2 dH
NA mN2
(3)
where ρN2 is the density of the N2 ice, see Table 1, mN2 is
the molar mass of the N2 molecule, NA is the Avogadro constant
(6.022 × 1023 mol−1), and dH is the ice thickness in cm. The latter
was estimated following the classical interfringe relation
dH =
1
2nH∆ν
(4)
where nH is the refractive index of the ice at deposition tem-
perature, and ∆ν is the wavenumber difference between two ad-
jacent maxima or minima of the fringes observed in the infrared
spectrum of the ice.
No IR band strength values were found in the literature for the
D2O and CD3OD species. These values were therefore calculated
using eqs. 4, 3, and 1. Refractive indices of solid H2O, CH3OH,
and N2 were used as an approximation (1.30, 1.39, and 1.21, re-
spectively, see Mason et al. 2006, Hudgins et al. 1993, and Satorre
et al. 2008). Error values for the column density in Table 1 have
been estimated taking into account the error in the calculation of the
column density and the column density decrease by UV irradiation
during the VUV spectral acquisition.
The main emission peaks of the MDHL fall at 121.6 nm
(Lyman-α), 157.8 nm, and 160.8 nm (molecular H2 bands). These
peaks are thus also present in the secondary VUV photon spectrum
generated by cosmic rays in dense interstellar clouds and circum-
stellar regions where molecular hydrogen is abundant (Gredel et
al. 1989). For this reason, the VUV absorption cross section values
measured at these wavelengths are provided for each molecule in
the following sections.
The VUV absorption cross section spectra of D2O, CD3OD,
13CO2, and 15N2 ices were fitted using the sum of two or more
Gaussian profiles using an in-house IDL code. These fits corre-
spond to the lowest χ2 values. Table 2 summarizes the Gaussian
profile parameters used to fit the spectra of the different ice compo-
sitions deposited at 8 K.
3.1 Solid deuterium oxide
The VUV absorption cross section spectrum of D2O ice (black
trace) and H2O ice (blue trace) are displayed in Fig. 1. Cheng et al.
(2004) and Chung et al. (2001) report the VUV absorption cross
sections of D2O and H2O in the gas phase, depicted in Fig. 1
as red and violet traces, respectively. The transition 4a1: ˜A1B1 ←
1b1: ˜X1A1 accounts for the absorption in the 145-180 nm region,
which reaches its maximum at 166.0 nm for D2O and at 167.0 nm
Table 2. Gaussian parameter values used to fit the spectra of the different
molecular ices deposited at 8 K.
Molecule Centre FWHM Area
[nm] [nm] [× 10−17 cm2 nm]
D2O ∼120.0 17.6 7.9
141.5 16.2 9.5
151.2 9.9 1.2
CD3OD ∼120.2 25.9 26.7
145.7 20.9 11.3
160.5 11.5 1.4
13CO2 115.3 4.2 1.8
126.4 9.9 2.1
15N2 115.5 0.5 0.8
117.0 1.1 1.5
119.2 1.1 1.7
120.8 1.1 2.8
123.0 1.1 3.4
123.5 1.6 1.0
125.0 0.7 3.2
126.1 1.6 0.6
127.4 0.7 3.4
128.5 0.9 1.3
129.9 0.8 1.9
130.8 0.8 2.4
132.1 0.7 0.7
133.2 0.8 3.2
134.8 1.1 0.3
136.2 0.5 4.9
138.0 2.1 0.1
139.0 0.8 2.4
142.2 0.6 4.6
145.4 1.8 3.8
for H2O in the gas phase, this accounting for a shift of ∼ 1 nm.
The same transition was observed for both solid D2O and H2O,
with bands centered at 141.4 nm and 142.6 nm, respectively. This
corresponds to a shift of 24.6 ± 0.4 nm for D2O and 24.4 ± 0.4
nm for H2O ices compared to the gas phase. Solid D2O presents
a maximum in the VUV absorption cross section with a value of
5.8+0.2
−0.2 × 10−18 cm−2, a value close to the one estimated for solid
H2O, 6.0+0.4−0.4 × 10−18 cm−2. The portion of the band in the 120-132
nm range (attributed to the transition ˜B1A1 ← ˜X1A1, according to
Lu et al. (2008)) is present in the four spectra, but due to the MgF2
window cutoff in our set-up it was not possible to determine the
position of the maximum for this band in the solid samples.
The average VUV absorption cross section of solid D2O has
a value of 2.7+0.1
−0.1 × 10−18 cm2 in the 120-165 nm (10.35-7.51 eV)
spectral region, i.e. lower than the 3.4+0.2
−0.2 × 10−18 cm2 value of solid
H2O. The total integrated VUV absorption cross section of solid
D2O is 1.2+0.3−0.3 × 10−16 cm2 nm (8.6+0.1−0.1 × 10−18 cm2 eV) in the
same spectral region, which again is low compared to solid H2O,
1.8+0.1
−0.1 × 10−16 cm2 nm. The VUV absorption cross sections of D2O
ice at 121.6 nm, 157.8 nm, and 160.8 nm are, respectively, 4.4+0.1
−0.1
× 10−18 cm2, 0.8+0.1
−0.1 × 10−18 cm2, and 0.3+0.05−0.05 × 10−18 cm2, i.e.
lower than the values for H2O, respectively, 5.2+0.4−0.4 × 10−18 cm2,
1.7+0.1
−0.1 × 10−18 cm2, and 0.7+0.05−0.05 × 10
−18 cm2. The VUV absorption
cross section of D2O in the gas phase has an average value of 3.4
× 10−18 cm2. D2O gas data have been also integrated in the 120-
180 nm range, giving a value of 1.9 × 10−16 cm2 nm (1.1 × 10−17
cm2 eV). Both of them, the average and the integrated values, are
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Figure 1. VUV absorption cross section as a function of photon wavelength
(bottom X-axis) and photon energy (top X-axis) of D2O ice deposited at 8
K, black trace. Blue trace is the VUV absorption cross section spectrum of
solid phase H2O, adapted from Paper I. Red and violet traces are the VUV
absorption cross section spectra of gas phase D2O and H2O, respectively,
adapted from Cheng et al. (2004) and Chung et al. (2001).
larger than the ones obtained for solid D2O. The VUV absorption
cross sections of gas phase D2O at 157.8 nm and 160.8 nm are,
respectively, 4.0 × 10−18 cm2 and 5.5 × 10−18 cm2, also larger than
the solid phase measurements. No gas phase data was found for the
Ly-α wavelength (121.6 nm).
3.2 Solid deuterated methanol
Fig. 2 shows the VUV absorption cross section of solid CD3OD,
black trace, and solid CH3OH, blue trace, as a function of wave-
length and photon energy. Cheng et al. (2002) reported the VUV
absorption cross section spectra of CD3OD (red trace) and CH3OH
(violet trace) in the gas phase, see Fig. 2. The VUV spectra cor-
responding to the gas phase contain plenty of features, while solid
VUV spectra are very smooth, with no distinct local maxima. Paper
I reports a bump centered at 146.9 nm (associated to the 21A” ←
X1A’ molecular transition) for solid CH3OH; this band is centered
at 145.7 nm for solid CD3OD. These maxima were estimated us-
ing Gaussian fits of the bands. The peaks centered at 146.5 nm and
159.3 nm for gas phase CD3OD are shifted to shorter wavelengths
with respect to gas phase CH3OH (peaks centered at 146.8 nm and
160.4 nm, respectively). The MgF2 window cutoff in our setup, near
114 nm, only allowed the detecting of a fraction of the broad band
corresponding to the 31A”← X1A’ molecular transition. This band
is present in the four spectra of Fig. 2.
The average VUV absorption cross section of solid CD3OD
has a value of 4.6+0.2
−0.4 × 10−18 cm2 in the 120-175 nm (10.33-7.04
eV) spectral region, quite similar to the solid CH3OH value of
4.4+0.4
−0.7 × 10−18 cm2. The total integrated VUV absorption cross sec-
tion of solid CD3OD is 2.6+0.1−0.3 × 10−16 cm2 nm (1.7+0.1−0.2 × 10−17 cm2
eV) in the same spectral region, very close to the solid CH3OH
value, 2.7+0.2
−0.4 × 10−16 cm2 nm, reported in Paper I. At the Ly-
α wavelength, 121.6 nm, the VUV absorption cross section of
CD3OD ice is higher than the value corresponding to CH3OH ice
(9.7+0.8
−1.1 × 10−18 cm2 and 8.6+0.7−1.3 × 10−18 cm2, respectively). For
the H2 molecular transitions at 157.8 nm and 160.8 nm, the VUV
absorption cross sections of CD3OD ice (2.9+0.20.6 × 10−18 cm2 and
2.2+0.20.5 × 10−18 cm2) are lower than the values corresponding to
Figure 2. VUV absorption cross section as a function of photon wave-
length (bottom X-axis) and UV-photon energy (top X-axis) of CD3OD ice
deposited at 8 K, black trace. Blue trace is the VUV absorption cross sec-
tion spectrum of solid phase CH3OH adapted from Paper I. Red and violet
traces are the VUV absorption cross section spectra of gas phase CD3OD
and CH3OH, respectively, adapted from Cheng et al. (2002).
CH3OH ice (3.8+0.3−0.6 × 10−18 cm2 and 2.9+0.2−0.4 × 10−18 cm2). The
VUV absorption cross section of CD3OD in the gas phase has an
average value of 8.6 × 10−18 cm2, almost twice larger than the value
measured for the solid phase. CD3OD gas data were integrated in
the 120-175 nm range giving a value of 3.4 × 10−16 cm2 nm (2.2
× 10−17 cm2 eV), i.e, larger than the VUV absorption cross sec-
tion (2.6 × 10−16 cm2 nm) of solid CD3OD. The VUV absorption
cross sections of CD3OD gas at 121.6 nm, 157.8, and 160.8 nm
are, respectively, 13.4 × 10−18 cm2, 10.8 × 10−18 cm2, and 0.6 ×
10−18 cm2, which are also larger than the ice phase measurements
provided above, except for the 160.8 nm value.
3.3 Solid carbon-13C dioxide
The VUV absorption cross section of 13CO2 ice as a function of the
wavelength and photon energy is shown in Fig. 3, black trace. It
is similar to the one reported for CO2 ice in Paper II, depicted as a
blue trace in Fig. 3. A broad band centered at 9.8 eV, assigned to the
1Πg ←
1 Σ+g transition, is observed in these spectra. Paper II reports
a vibrational structure in the 120.0-133.0 nm range for CO2; these
weak features were poorly resolved in our spectrometer. Fig. 3 inlet
shows the same bands for 13CO2 ice. For comparison, the dotted
lines in the inlet represent the five band positions reported in Paper
II for solid CO2.
All the discrete bands observed beyond 130 nm correspond to
the absorption of photo-produced CO in the CO2 ice matrix. It was
therefore not possible to measure the spectrum of pure CO2 ice with
our experimental configuration. For this, a synchrotron radiation
source is required, see Paper II and ref. therein. Similarly, the bands
of photo-produced 13CO are present in the spectrum of 13CO2 ice,
see Fig. 3. The proportion of 13CO relative to the deposited 13CO2
is around 14% in this experiment, as it was inferred from integra-
tion of the infrared absorption features of 13CO2 at 2283 cm−1 and
13CO at 2092 cm−1. Features centered at 155.0 nm, 151.4 nm, 148.2
nm, 145.2 nm, 142.4 nm, 139.6 nm, 137.2 nm, and 135.0 nm cor-
respond to the photoproduced 13CO. The measured VUV spectrum
corresponds therefore to a mixture of 13CO2 and 13CO. An impor-
tant effect is the shift of the 13CO features in this experiment with
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Figure 3. VUV absorption cross section as a function of photon wavelength
(bottom X-axis) and VUV photon energy (top X-axis) of 13CO2 ice de-
posited at 8 K, black trace. Blue trace is the VUV absorption cross section
spectrum of solid CO2 adapted from Paper II. Inlet figure is a close-up of
the 13CO2 VUV absorption cross section in the 124-129 nm range. The
spectrum of solid CO2 was offset by 1 × 10−18 cm2 for clarity.
respect to those of pure CO ice, but the spectrum of 13CO was not
available for comparison to our results. This issue was discussed
in Paper II for CO in the CO2 ice matrix, which was compared to
pure CO ice. Such ice mixture effects have important implications
for the VUV absorption of ice in space, where the molecular com-
ponents are either mixed or layered in the ice mantles.
Upper limits for the average and the total integrated VUV
absorption cross sections were calculated after subtraction of the
13CO spectrum; they are, respectively, 6.9 +0.6
−1.0 × 10−19 cm2 and
3.1+0.3
−0.4 × 10−17 cm2 nm (2.3+0.1−0.2 × 10−18 cm2 eV). These values
are comparable with the CO2 values reported in Paper II, 6.7+0.5−0.9
× 10−19 cm2 and 2.6+0.2
−0.3 × 10−17 cm2 nm for the average and the
total integrated VUV absorption cross sections, respectively. The
VUV absorption cross section of 13CO2 ice at 121.6 nm is 1.1+0.2−0.3
× 10−18 cm2, very close to the 1.0+0.1
−0.2 × 10−18 cm2 value for CO2.
No previous gas or solid phase VUV spectra of 13CO2 were found
in the literature.
3.4 Solid nitrogen-15N2
The VUV absorption cross section of 15N2 ice, black trace in Fig. 4,
analogous to that of N2, blue trace, is very low. For this reason, a
deposition of about N = 4009 ± 410 × 1015 molecules cm−2 was
required to detect the absorption features. Paper II summarizes the
complete study of solid and gas phase N2. Solid 15N2 should present
the same vibrational structure as solid N2 in the 114-147 nm (10.87-
8.43 eV) region. The two systems (attributed to a1Πg ← X1Σ+g and
w1∆u ← X1Σ+g transitions) can be appreciated in Fig. 4. The noise
level in these measurements was high compared to the other ices
studied, due to the low intensity of the bands and the detection limit
of the VUV spectrometer. Some features are shifted to a shorter
wavelengths above the 0.4 nm resolution of our measurements, but
these shifts did not exceed 0.8 nm.
The average VUV absorption cross section of 15N2 ice has a
value of 8.7 × 10−21 cm2, i.e. higher than 7.0 × 10−21 cm2 calculated
for N2 in Paper II. The total integrated VUV absorption cross sec-
tion of 15N2 ice has a value of 3.0 × 10−19 cm2 nm (2.2 × 10−20 cm2
eV) in the 114.6-146.8 nm (10.82-8.44 eV) spectral region, which
Figure 4. VUV absorption cross section as a function of photon wavelength
(bottom X-axis) and VUV photon energy (top X-axis) of 15N2 ice deposited
at 8 K, black trace. Blue trace is the VUV absorption cross section spectrum
of solid phase N2 adapted from Paper II. The spectrum of solid N2 was
offset by 4 × 10−20 cm2 for clarity.
can be compared to 2.3 × 10−19 cm2 nm for N2 ice. The VUV-
absorption cross section spectrum of 15N2 is not as well resolved as
in other works but this should not affect the VUV-absorption cross
section scale that we provide, because no integration of the band
area is involved, see Paper II. The VUV absorption cross section
at Ly-α (121.6 nm) is very low, we estimated an upper limit value
of 1.5 × 10−21 cm2. There are no observable VUV absorption fea-
tures at the molecular hydrogen band wavelengths (157.8 and 160.8
nm). No gas or solid phase VUV spectra of 15N2 were found in the
literature.
4 ASTROPHYSICAL IMPLICATIONS AND FINAL
CONCLUSIONS
The absorption of energetic photons by gas phase molecules and
dust grains in various space environments is a key issue in astro-
physics. If the absorption cross sections are known for the photon
wavelength range of interest, a quantitative estimation of the pho-
ton absorption and the photon penetration depth in the absorbing
material can be attained.
The absorbing ice column density of a species in the solid
phase, can be calculated from the VUV absorption cross section
following
N(λ) = −1
σ(λ) ln
(
It(λ)
I0(λ)
)
(5)
where It(λ) is the transmitted intensity for a given wavelength
λ, I0(λ) the incident intensity, N(λ) is the absorbing column density
in cm−2, and σ(λ) is the cross section in cm2. Table 3 summarizes
the absorbing column densities of the ice species for an absorbed
photon flux of 95% and 99% using the cross section value at Ly-α,
the average cross section in the 120-160 nm range, and the maxi-
mum cross section in the same range. The values corresponding to
the lighter isotopologues are reported in Papers I and II.
A larger column density of solid D2O ice is needed to reach
95 and 99% of the total photon absorption with respect to the solid
H2O values, due to its lower VUV absorption cross section. The
same holds for solid CD3OD and CH3OH, with the exception of
the Avg. value, which is higher in the solid CD3OD sample. For
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Table 3. Absorbing column densities, of the different ice species, corre-
sponding to an absorbed photon flux of 95% and 99%. “Ly-α” corresponds
to the cross section at the Ly-α wavelength, 121.6 nm. “Avg.” corresponds
to the average cross section in the 120-160 nm range. “Max.” corresponds
to the maximum cross section in the same wavelength range.
95% photon absorption 99% photon absorption
species Ly-α Avg. Max. Ly-α Avg. Max.
(×1017 molecule cm−2) (×1017 molecule cm−2)
D2O 6.8 11.1 5.3 10.5 17.1 8.1
CD3OD 3.1 6.5 3.1 4.7 10.0 4.7
13CO2 27.2 43.7 12.0 41.8 67.1 18.4
15N2 19971 3443 749 30701 5293 1151
H2O 5.8 8.3 4.9 8.9 13.0 7.7
CH3OH 3.5 5.7 3.4 5.4 8.7 5.3
CO2 29.3 44.5 15.1 45.1 68.4 23.3
N2 29957 4280 881 46052 6579 1354
solid 13CO2 a larger column density is needed to reach 95 and 99%
of the total photon absorption with respect to solid CO2. In the other
hand, within the significant errors associated to their VUV absorp-
tion cross section measurements, 15N2 ice seems to be similar or
slightly more absorbing than N2. For the first time, we report the
VUV absorption cross section as a function of photon energy for
D2O, CD3OD, 13CO2, and 15N2 in the solid phase at 8 K.
All four molecules present a shift to shorter wavelengths in
their VUV spectrum with respect to their corresponding light iso-
topologues. Deuterated species experience the largest blue-shift
among the molecules studied. This could be expected from pre-
vious works on deuterated species in the gas phase, but the shifts
measured in the solid phase were larger in comparison. The average
and the integrated VUV absorption cross section values are close
for the different isotopologues. The relatively small variations be-
tween isotopologues may only play a minor role in the absorption
of VUV radiation in space.
Large differences were found between the VUV absorption
cross section spectra of solid and gas phase species (Papers I, II,
and ref. therein; this work). This has important implications for the
absorption of VUV photons in dense clouds and circumstellar re-
gions.
There is a clear correspondence between the photodesorption
rates measured at different photon energies and the VUV absorp-
tion spectrum for the same photon energies. This indicates that
photodesorption of some ice species like N2 and CO is mainly
driven by a desorption induced by electronic transition (DIET) pro-
cess (Fayolle et al. 2011, 2013). Unfortunately, the N2 and 15N2
ice absorption spectra at photon energies higher than 12.4 eV,
where photodesorption is efficient, have not been measured. But
the low photodesorption rates measured at energies below 12 eV by
Fayolle et al. (2013) (no more than 4 × 10−3 molecules per incident
photon for 15N2 ice) is compatible with its low ice absorption cross
section, reported here for the same spectral range. In addition, the
observed photodesorption occurs in the same spectral range where
the absorption bands of Fig. 4 are present. The lower photodes-
orption reported by Fayolle et al. 2013 for the Ly-α wavelength
at 121.6 nm, 1.5 × 10−3 molecules per incident photon, coincides
with a low absorption in Fig. 4, and the maximum in the photodes-
orption occurs approximately at ∼ 135 nm, where the most intense
absorption band is present, see Fig. 4. The photodesorption rate per
absorbed photon in that range, Rabsph−des, can be estimated as follows
Rabsph−des =
I0
Iabs
Rincph−des (6)
where
Iabs =
λ f∑
λi
I0(λ) − I(λ) =
λ f∑
λi
I0(λ)(1 − e−σ(λ)N)
and I0 is the total photon flux emitted (Fayolle et al. 2013 reports 3-
11.5 × 1012 photons cm−2 s−1, in our experiments this flux is about
2.0 × 1014 photons cm−2 s−1), Iabs is the total photon flux absorbed
by the ice, I0(λ) is the photon flux emitted at wavelength λ, σ(λ) is
the VUV absorption cross section at the same wavelength, and N is
the column density of the ice sample. Rincph−des corresponds to a pho-
todesorption rate of 6 4 × 10−3 molecules per incident photon in the
spectral range below 12.4 eV for N = 60 × 1015 cm−2 (60 monolay-
ers) from Fayolle et al. (2013), while the average absorption cross
section for 15N2 ice that we measured in that range is σ = 8.7 ±
1.9 × 10−21 cm2. The resulting photodesorption rate is thus quite
high, Rabsph−des 6 7.7 molecules per absorbed photon, meaning that a
very small fraction of the incident photons are absorbed in the ice
but each absorbed photon led to the photodesorption of about 7.7
molecules on average (this in fact is the maximum value because
Fayolle et al. (2013) measured photodesorption rates, Rincph−des, that
do not exceed 4 × 10−3 molecules per incident photon).
In the case of CO ice deposited also at 15 K, it was found that
only the photons absorbed in the top 5 monolayers led to photodes-
orption with a rate of 2.5 CO molecules per absorbed photon in
those 5 monolayers (based on Mun˜oz Caro et al. 2010, but using an
average cross section of CO ice of 4.7 ± 0.4 × 10−18 cm2 adapted
from Paper I). This value for CO ice is about 3.1 times lower than
the maximum estimated above for the 60 ML of the 15N2 ice exper-
iment of Fayolle et al. (2013). A more direct comparison between
N2 and CO ice photodesorption could be made if the number of
N2 monolayers closer to the ice surface that truly contribute to the
photodesorption was known (in the case of CO ice these are ∼ 5
monolayers, this value has not been estimated for N2 ice and there-
fore the values of Rincph−des and Rabsph−des correspond to the total ice col-
umn density of 60 monolayers in the experiment of Fayolle et al.
2013). With this uncertainty still remaining, we can conclude that if
the VUV absorption cross section of each specific ice composition
is taken into account, it is possible to know what is the efficiency
of the photodesorption per absorbed photon; in the case of N2 and
CO, for VUV photon energies that do not lead to direct dissocia-
tion of the molecules in the ice, these values are higher than unity.
The values of Rabsph−des >1 and the fact that the photons absorbed in
ice monolayers deeper than the top monolayers (up to 5 for CO)
can lead to a photodesorption event, indicate that the excess photon
energy is transmitted to neighboring molecules in the ice within a
certain range (this range may correspond to about 5 monolayers in
the case of CO ice, e.g., Rakhovskaia et al. 1995; ¨Oberg et al. 2007,
2009; Mun˜oz Caro et al. 2010); if a molecule on the ice surface re-
ceives sufficient energy, it may photodesorbs (Mun˜oz Caro et al.
2010).
It should also be noted that ice photodesorption experiments
performed with a continuum emission source (like the MDHL),
mimicking the secondary VUV field in dense cloud interiors, can
lead to photodesorption rates that are intrinsically different from
those obtained in experiments using a monochromatic source (gen-
erally provided by a synchrotron beam), we refer to Chen et al.
(2013) for the case of CO ice photodesorption.
This work, along with Papers I and II, provides essential
data to attempt a more quantitative study of VUV absorption of
molecules forming ice mantles, and the photon processes involved:
photo-processing leading to destruction of molecules and forma-
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tion of new species, and photo-desorption of molecules in the ice
that are ejected to the gas phase.
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